Alternative splicing is a highly regulated process that plays a critical role in diversification of the transcriptome and proteome in the cell. Several diseases, including different types of cancers, have been associated with aberrant regulation of alternative splicing. Thus, correcting alternative splicing is an attractive strategy to restore normal cell physiology in patients with cancer including hepatocellular carcinoma (HCC). This review summarizes the role of alternative splicing events related to HCC and potential therapeutic applications for it.
HEPATOCELLULAR CARCINOMA: THE CAUSE OF DISEASE AND MORTALITY
Liver cancer is the fifth most leading cause of cancer death worldwide [1] . More than 700,000 people are diagnosed with this cancer and 600,000 people die each year throughout the world. Hepatocellular carcinoma (HCC) is the most common form of primary liver cancer, accounting 70%-85% of all liver cancer in adults, primarily caused by chronic liver injury and inflammation, e.g., viral hepatitis or alcoholic and non-alcoholic cirrhosis and nonalcoholic fatty liver disease (NAFLD) [2, 3] .
From the molecular point of view, HCCs are complex tumors [4] . The prognosis of HCC is unsatisfactory due to lack of reliable early diagnostic and screening tests and effective treatment options. Seventy percent of HCCs have been detected in an advanced stage at diagnosis. The molecular pathogenesis of the disease has also remained poorly understood. Therefore, a better understanding of HCC biology and identification of the prognostic molecular markers with benefits for HCC risk assessment and development of novel therapeutic approaches is urgently required.
REGULATION OF ALTERNATIVE PRE-MRNA SPLICING
Alternative splicing (AS) is a process by which multiple messenger RNAs (mRNAs) are generated from a single pre-mRNA, resulting in functionally distinct protein products that may have different or even opposing roles [5] . Genome-wide studies showed that nearly all multi-exon genes in human undergo alternative splicing and produce multiple mRNA isoforms from a single pre-mRNA in a tissue or developmental stage-specific manner [6, 7] . Thus, AS is an important mechanism to vastly expand transcriptomic and proteomic diversity from a finite genome [8] . This is accomplished by the differential recognition of splice sites by RNA binding splicing factors in the pre-mRNA [9] . The different types of AS are shown schematically in Figure 1 . The most common type of AS consists of a single cassette exon that is either included or skipped in the mRNA. Other forms of AS include alternative selection of 5' and 3' splice sites, selection of mutually exclusive exon, and intron retention. Different cis-regulatory elements in the pre-mRNA play a critical role in alternative selection of splice sites by binding to splicing regulatory proteins. Based on the location of binding in the pre-mRNA and function, there are four cis-regulatory elements: exonic splicing enhancers, exonic splicing silencers, intronic splicing enhancers and intronic splicing silencers. These cis-regulatory elements which are present within the alternative exon itself or upstream/downstream intron sequences bind trans-regulatory splicing factors and either promote or inhibit the usage of the alternative exon(s). Though there are a number of RNA-binding proteins that regulate alternative pre-mRNA splicing, two of the well-studied families are serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) [10] . Other less common families include the CELF/BRUNOL family, and the RBM family . Both SR proteins and hnRNPs can promote or inhibit exon recognition depending on location of the binding and sequence context [10] .
ALTERNATIVE SPLICING AND HCC
Alternative splicing is a major post-transcriptional regulatory event that can modulate key aspects of cancer cell biology including cell proliferation, metabolism, apoptosis, survival, invasiveness, angiogenesis, drug-resistance, and metastasis [13] [14] [15] , thus playing a very critical role in the development and progression of cancers. In case of HCC, splicing alterations of genes such as DNA methyltransferase 3b (DNMT3b), Aurora kinase B (AURKB), E3 ubiquitin ligase (MDM2), TENSIN2, MAD1, SVH, TP53, and Fibronectin1 (FN1) [16] have long been reported. Recent studies have shown that the list of tumor-specific aberrantly spliced mRNAs is increasing and implicated in HCC [17] . Alternative splicing facilitates the development of HCC either by generating oncogenic variants or by inactivating the tumor suppressors. For example, an alternative POLDIP3 transcript promotes HCC progression [18] . POLDIP3 is a target of ribosomal protein S6 kinase 1, and regulates DNA replication and mRNA translation. The alternative POLDIP3 transcript (POLDIP3-β), which lacks exon 3, was found to be significantly up-regulated in clinical HCC tissue compared to paired adjacent noncancerous hepatic tissue. This POLDIP3-β isoform has been shown to increase HCC cell proliferation, inhibit HCC cell apoptosis, enhance HCC cell migration, and promote xenograft growth. Another example is the cell fate determinant protein, Numb, which is aberrantly spliced in HCC and produces an isoform that contains a long proline-rich region (PRRL) [19] . In HCC cell lines, PRRL generally promotes and PRRS (short proline-rich region) suppresses proliferation, migration, invasion, and colony formation. PRRL-Numb expression has been shown to increase in HCC and be associated with early recurrence and thus reduces overall survival after surgery [19] .
It was observed that, in HCC cell lines and tumors, insulin receptor (IR) is aberrantly spliced and promotes expression of the mitogenic isoform of insulin receptor (IR-A) that is generally expressed in the embryonic tissues but not in the adult liver. In contrary to the isoform IR-B that is normally expressed in the adult liver and promotes metabolic effects of insulin, IR-A signals proliferative effects via binding to insulin-like growth factor II (IGF-II). An IR-B to IR-A switch has been frequently observed in HCC tumors regardless of tumor etiology [20] .
Another study demonstrated the oncogenic role of the truncated isoform of estrogen receptor α (ER-α36) in primary HCC [21] . In contrast to wild-type ER (WT-ERα), the major variant in normal liver tissue, the ERα36 splice variant has the opposite function in primary HCC, and that ERα36 increases in primary HCC tissue. Also, the high levels of WT-ERα mRNA appear to predict better survival of patients with HCC though the mechanism is yet to be explored.
Similarly, variants 5 and 6 of trans-membrane protein CD44 [22] , the variants a and b of extracellular matrix protein osteopontin (OPN) [23] , and variant J of the transcription factor7-like 2 (TCF7L2), also known as T-cell factor 4 (TCF-4) [24] , are some oncogenic isoforms that contribute to the development of HCC. Thus, selectively targeting these oncogenic isoforms would be a promising therapeutic strategy for HCC.
Regarding tumor suppressors, aberrant splicing of Hugl-1 transcripts has been identified in HCC specimens. The majority of these aberrant Hugl-1 transcripts encode truncated proteins lacking one or more conserved WD-40 repeat motifs that resulted from skipping part of and/or entire exon or insertion of intron sequences. Two truncated Hugl-1 proteins were found exclusively in HCC tissues. Aberrant Hugl-1 transcripts (78.3%, 20 of 23) had a short "direct repeat" sequence flanking their deleted regions. Over-expression of two representative HCC-derived aberrant Hugl-1 variants was shown to promote HCC cell migration, invasion, and tumorigenicity in nude mice. Moreover, the abnormal Hugl-1 was significantly correlated with poor differentiation and large tumor size of HCC. This suggests that Hugl-1 mRNA is frequently mutated by aberrant splicing in HCC, which may be involved in HCC [25, 26] . Sen Some tumor suppressors are also self-inactivated in HCC by alternative splicing. The tumor suppressor isoform of TP73 gene is TAp73, which promotes apoptosis and limits the anchorage-independent growth of tumor cells. Truncated isoforms (ΔEx2p73, ΔEx2/3p73, and ΔN'p73) of TP73 are generated by aberrant splicing and serve as dominant negative inhibitors of TAp73 and inhibit its tumor suppressor activity [27] . Several studies have shown that these isoforms are over-expressed in HCC compared to normal liver and correlated with poor patient prognosis [28] . In HCC, ΔEx2p73 expression is correlated with activation of the epidermal growth factor receptor (EGFR) and the down-regulation of the mRNA splicing factor Slu7. From a mechanistic perspective, activation of EGFR by its ligand amphiregulin (AR), whose expression is up-regulated in HCC, and c-Jun N-terminal kinase-1 activity facilitates TAp73 alternative splicing and ΔEx2p73 production [27] .
Tumor suppressor KLF6 that regulates many genes involved in cell cycle, apoptosis and differentiation also inactivated by its dominant-negative SV1 isoform in HCC [29] . Studies found that SV1 isoform of KLF6 is over-expressed in HCC that promotes cellular proliferation and KLF6 full form is decreased in HCC tissue. The oncogenic activation of the Ras/PI3K/Akt pathway and subsequent down regulation of splice regulatory protein ASF/SF2 or SRSF1 leads to this aberrant splicing of KLF6 in HCC. Also, upstream of Ras, the EGFR tyrosine kinase activity could potentially trigger KLF6 SV1 generation [29] . These findings suggest potential antagonistic functions of the two isoforms in HCC and relative abundance of the isoforms might dictate the cellular fate. Thus, unraveling the regulatory mechanisms that promote these aberrant splicing might provide effective molecular targets for HCC therapy.
ABERRANT REGULATION OF SPLICING FACTORS AND ONCOFETAL TRANSFORMATION IN HCC
Aberrant expression or activity of splicing factors is a major cause of splicing deregulation; thus, it is quite expected that, increased or decreased expression of crucial splicing factors leads to disease. Indeed, deregulation of splicing regulators such as SRSF1, SRSF10, RBFOX2, MBNL1/2, and QKI proteins has been observed and accounts for hundreds of altered alternative splicing events present in multiple cancer types [30] [31] [32] . In HCC, the splicing dysregulation may be influenced by down-regulation of splicing factors ESRP2, CELF2 and SRSF5 and up-regulation of splicing factors SRSF1 or SF2/ASF, SRSF2, hnRNPA1, hnRNPA2B1, hnRNPH and CUGBP1. In multiple HCC samples, decreased expression of ESRP2, CELF2 and SRSF5 were observed [17] , whereas, a significant correlation was found between the increased expression of IR-A and upregulation of splicing factors SRSF1, hnRNPA1, hnRNPA2B1, hnRNPH, and CUGBP1 [20] . This observation is in agreement with the previous in vitro studies that showed, SRSF1, CUGBP1 and hnRNPA1 promote IR-A expression in hepatoma cell-lines [33, 34] . Studies showed that overexpression of the SR proteins SRSF1 and SRSF3 promote tumor growth in nude mice and these proteins are elevated in certain cancers [35] . Interestingly, in the mouse model, hepatocyte-specific deletion of SRSF3 caused spontaneous HCC with aging [36] , suggesting that the function of individual splicing factor depends on the cellular context. It was observed that the splicing factors that play important roles in the maturation of liver, down-regulation of those factors promoting HCC. Studies have shown that embryonic liver development and HCC share similar alterations in many genetic programs, and HCC patients with gene expression profiles similar to embryonic stem cells had a worse prognosis [37, 38] . Also, in case of HCC, it has been observed that different mRNA isoforms that are developmentally regulated and not generally expressed in the adult liver, are often expressed in cancer tissue. However, little is known about the mechanisms driving hepatocellular dedifferentiation during chronic liver diseases and tumor development.
Expression of splicing factor Esrp2 is increased in the adult liver as this splicing factor plays an important role in mesenchymal to epithelial transformation (MET) that is the opposite of epithelial to mesenchymal transformation (EMT), observed in cancer tissues. Studies showed that, homozygous knockout of Esrp2 [39] led to impaired adult splicing patterns in the liver in the mouse model, suggesting the role of this splic-ing factor in the fetal to adult transition in hepatocytes. Consistent with these findings, knockdown of pre-mRNA splicing regulator SLU7 in human liver cells and mouse liver resulted in profound changes in pre-mRNA splicing of genes essential for hepatocellular differentiation and reversion to a fetal-like gene expression pattern [40] . Moreover, Slu7 expression has been found to be significantly compromised in chronic liver diseases and in HCC [27] suggesting a role of SLU7 down-regulation in the progression of liver pathogenesis. Interestingly, SLU7 also preserves survival of HCC cells and other solid tumors via oncogenic miR-17-92 cluster expression [41] indicating a complex regulatory role of this splicing factor in pathogenesis of liver diseases.
Hepatocyte-specific deletion of SRSF3 caused impaired hepatocyte maturation and also glucose and lipid metabolism in early adult life [42] . Loss of SRSF3 facilitates expression of the mitogenic isoform of insulin receptor (IR-A) that is generally not expressed in adult liver allowing aberrant activation of mitogenic signaling. Loss of SRSF3 in hepatocytes also promotes aberrant splicing and expression of EMT genes and activates Wnt/beta-catenin signaling leading to c-Myc induction. Additionally, loss of SRSF3 promotes inclusion of the profibrogenic EDA exon in fibronectin gene (FN1) and expression of the short isoform of XBP1 (XBP1s) in hepatocytes and SRSF3 knock-out mice developed spontaneous HCC with aging [36] . In support of this, SRSF3 has also been found to be reduced or mislocalized in human HCC [40] , suggesting a potential preventive role of SRSF3 in HCC. Interestingly, a recent report suggests XBP1s as a newly discovered molecule involved in the HCC progression by promoting EMT [43] by enhancing the expression of Twist and Snail. Pathological analysis showed that the expression of XBP1s was closely correlated with distant metastasis.
Recently, Yuan et al. [44] identified an important oncofetal protein, MBNL3, and an oncofetal splicing event, inclusion or skipping of lncRNA-PXN-AS1 exon 4, both of which play vital roles in hepatocarcinogenesis and serve as prognostic biomarkers and therapeutic targets for HCC. This suggests that identifying the common molecular events between embryonic liver development and HCC would promote the understanding of molecular pathogenesis of HCC and the development of more effective targeted therapies.
SUMMARY AND PERSPECTIVES
The findings reviewed here, though handful, are sufficient to show that the AS plays a very critical role in regulating HCC progression and diagnostic. Thus, understanding the mechanisms of alternative pre-mRNA splicing for HCC related genes are important for the development of new therapeutic strategies such as targeting HCC specific isoform as biomarkers and targeting oncogenic isoform.
With the fast development of technologies, next generation sequencing provides a powerful way to study the transcriptome to uncover the aberrant splicing events in different cancers including HCC. For example, analyzing the ultra-deep transcriptome landscape of human liver cancer, Lin et al. [45] identified potential biomarkers for HCC, including ALG1L, SERPINA11, TMEM82 and DUNQU1 and the AS event of FGFR2. Using antisense oligonucleotides or splicing switch oligonucleotides that can complimentarily bind to a target site in pre-mRNAs and regulate the splicing could be used to selectively target specific isoforms of RNA with oncogenic potential [46, 47] . Targeting specific isoforms of RNA and protein has the potential to improve drug efficacy and reduce side effects. In summary, we are hoping that the integration of pre-mRNA alternative splicing in the pathogenesis of HCC will contribute to the better understanding of the disease and development of new therapies.
DECLARATIONS

Authors' contributions
The author contributed solely to the review.
